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ABSTRACT 
  
Reducing both fuel consumption and exhaust gas emission 
can lead to economic and environmental benefits. Ships today 
with main diesel engine and auxiliary diesel engine can produce a 
lot amount of exhaust gas that is conventionally not used again. 
This kind of waste heat can contain up to 25% of the input energy 
(fuel oil) of the main diesel engine.  
Using waste heat recovery system (WHRS) actually can 
reduce the fuel consumption and gas emission produced by a ship. 
Recent study about ship engine heat driven absorption 
refrigeration by Guohong Tian resulted good performances of the 
system and has a big possibility to be applicated in other ship. 
This system mostly require only waste heat as the energy source 
to function properly. It has several advantages such as lower 
required electricity compared with vapour compression system, 
and it uses more safe refrigerant.   
This thesis analyse the application of vapour absorption 
refrigeration system in PKR ship. The results are satisfied that the 
designed chiller system can work at 50% until 100% load of main 
engine; and at 75% and 100% load of auxiliary engine. The 
xii 
 
optimal operation resulted in 50% load condition of main engine 
and in 75% load condition of auxilary engine with COP of 0,74. 
The back pressure also resulted lower than 10 kPa (maximum 
allowable back pressure). 
 
Keywords –PKR Ship, Waste Heat Recovery, Absorption 
Refrigeration. 
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ABSTRAK 
  
Mengurangi konsumsi bahan bakar dan emisi gas buang 
dapat berdampak pada manfaat ekonomi dan lingkungan. Di era 
sekarang ini, kapal yang menggunakan mesin diesel sebagai 
penggerak utama dan mesin bantu dapat memproduksi gas buang 
yang cukup banyak yang biasanya dibuang tidak dimanfaatkan. 
Jenis panas buang ini dapat mengandung sampai 25% dari energi 
input (bahan bakar) mesin diesel. 
 Memakai sistem pemanfaatan panas buang sebenarnya dapat 
mengurangi konsumsi bahan bakar dan emsisi gas buang yang 
diproduksi oleh kapal. Penelitian baru-baru ini mengenai 
refrigerasi absorpsi menggunakan panas buang dari mesin kapal 
oleh Guohong Tian menghasilkan performa sistem yang bagus 
dan mempunyai kemungkinan besar untuk diaplikasikan di kapal 
lainnya. 
Sistem ini hanya membutuhkan panas buang sebagai sumber 
energi untuk berfungsi dengan baik. Sistem ini memiliki 
keuntungan seperti kebutuhan listrik yang lebih rendah 
dibandingkan sistem kompresi uap, dan juga menggunakan 
refrigerant yang lebih aman.  
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Thesis ini menganalisa pengaplikasian sistem refrigerasi 
absorpsi uap pada kapal PKR (Perusak Kawal Rudal). Hasil yang 
diperoleh diantaranya sistem chiller yang didesain dapat bekerja 
pada beban mesin utama 50% hingga 100% dan pada beban 
mesin bantu 75% hingga 100%. Sistem beroperasi optimum pada 
pada saat beban mesin utama 50% dan pada saat beban mesin 
bantu 75%, dengan COP = 0,74. Tekanan balik yang terjadi juga 
menghasilkan di bawah batas maksimum tekanan balik (10 kPa). 
 
Kata Kunci –Kapal PKR, Pemanfaatan Panas Buang, 
Refrigerasi Absorpsi. 
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CHAPTER 1 
INTRODUCTION 
 
1.1. Background 
PKR ship is a SIGMA class frigate, build in PT PAL 
Surabaya, that is ordered by Indonesian Navy (TNI-AL). This 
ship propulsion system is a hybrid CODOE system that uses 
2 main diesel engines or 4 auxiliary diesel engines to propel 
the ship. It is designed to have about 20 days of voyage 
patrolling in the sea. The electric propulsion can only 
produce 15 knots of speed while the diesel propulsion can 
produce up to 28 knots of speed.[1] 
Because the ship can travel up to 20 days, we can 
imagine how much the fuel oil that it carries. Saving the fuel 
oil means not only the economic benefit but also makes the 
ship can travel longer. It uses main diesel engine in daily 
operation while electric motor is used during stealth 
operation. The produced exhasut gas from both operation 
mode is high enough to be used in waste heat recovery 
system.  
One of the high consumer (load) is refrigeration system. 
Conventional vapour compression system requires more 
electricity due to the use of compressor. The PKR ship has 2 
refrigeration system (chilled water unit) that needs about 130 
kW of electricity each.  
One way to find a new solution to this problem is to 
apply an vapour absorption refrigeration (VAR) system to 
provide the required cooling loads for the HVAC system 
instead of the traditional vapour compression refrigeration 
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system. However, until now, the technique has been confined 
to landbased installations. VAR systems are particularly 
attractive in applications that have a cooling demand and at 
the same time a source of heat, which if not used will be 
ejected to the environment. Mostly, the only electricity need 
for vapour absoprtion system is the solution pump.  
This thesis proposes an application of an absorption 
refrigeration system in PKR ship. The expected result will be 
good performances of the designed system in both normal 
and stealth operation according to COP, circulation ratio, and 
temperature of each components. This thesis will use 
thermodynamic analysis and  software to compare the results 
later. 
 
1.2. Statement of Problem 
  Based on the description above the statement problem of 
this thesis are: 
1. How could the vapour absorption system substitute the 
already existed vapour compression system in PKR Ship? 
2. How to design the vapour absorption system in PKR 
ship? 
3. How is the impact of temperature change of each vapour 
absorption component especially generator to the resulted 
work? 
4. How is the impact to the exhaust gas itself due to the 
modification of exhaust gas system? 
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1.3. Research Limitation 
1. The thesis object is limited to SIGMA class frigate (PKR 
ship). 
2. This thesis does not discuss the economy analysis. 
3. The total cooling capacity is based on the cooling 
capacity need of the existed vapour compression system 
drawing.  
4. The design consideration focuses on both normal 
(voyage) operation and stealth operation. Berthing 
operation is neglected due to the lack of waste heat 
source and assumption of existence of landbased CWU 
(Chilled Water Unit) system on port. 
 
1.4. Research Objective 
a. To know how the vapour absorption system substitutes 
the already existed vapour compression system in PKR 
Ship. 
b. To design the vapour absorption system in PKR ship. 
c. To analyze the impact of temperature change of vapour 
absorption component of generator to the resulted work. 
d. To analyze the impact to the exhaust gas itself due to the 
modification of exhaust gas system. 
1.5. Research Benefit 
a. Knowing the benefit of using vapour absorption 
refrigeration system in PKR ship. 
b. Knowing the required exhaust gas capability according to 
main engine or auxiliary engine load percentage to be 
used. 
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c. Knowing the limit amount of required waste heat for 
vapour absorption refrigeration system in PKR ship. 
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1. PKR Ship 
PKR (Perusak Kawal Rudal) or guided-missile frigte 
ship is a SIGMA class frigate that is build in PT PAL 
Surabaya. This ship propulsion system is a hybrid CODOE 
(Combined Diesel or Electric) system that uses 2 main diesel 
engines or 4 auxiliary diesel engines to propel the ship as 
can be seen in the figure 2.1. It is designed to have about 20 
days of voyage patrolling in the sea. The electric propulsion 
can only produce 15 knots of speed while the diesel 
propulsion can produce up to 28 knots of speed [1]. Table 
2.1 , 2.2 and 2.3 shows the spesification of the engines. 
 
Figure 2. 1 Combined Diesel or Diesel-Electric System [1] 
This ship has a dimension of: 
 LOA  : 105,11 m 
 B  : 14,02 m 
 H  : 8,75 m 
 T  : 3,7 m 
 Displacement  : 2365 ton 
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Figure 2. 2 PKR Ship [1] 
 
 Main Engine Spesification 
Maker : MAN B&W 
Type : 20V28/33D (STC) 
Table 2. 1 M/E General Spesification 
Parameter Value Unit 
Cylinder bore 280 mm 
Piston stroke 330 mm 
Swept volume of each cylinder 20.3 dm³ 
Vee angle 52 ° 
Power 10000 kW 
Rated speed 1032 rpm 
 
Table 2. 2 Exhaust Gas Data from Testbed 
No. Load Exhaust Gas Temperature (°C) 
Heat Content 
(kW) 
Mass Flow 
(kg/s) 
1 100% 397.5 3807 16.83 
2 85% 390.7 3723 14.50 
3 75% 380.5 3491 12.60 
4 50% 356 3071 8.49 
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Figure 2. 3 The 2 Main Diesel Engines of PKR Ship [1] 
 
 Auxiliary Engine Spesification 
Maker : Caterpillar 
Type : C32-A 
Table 2. 3 A/E General Spesification 
Parameter Value Unit 
Cylinder bore 145 Mm 
Piston stroke 162 Mm 
Swept volume of each cylinder 32.1 dm³ 
Power 1034 Bhp 
Rated speed 1800 Rpm 
 
2.2. Waste Heat Recovery System 
Waste heat is heat, which is generated in a process by 
way of combustion, and then wasted into the environment 
even though it could still be reused for some useful and 
economic purpose. Waste heat losses arise both from 
equipment inefficiencies and from thermodynamic 
limitations on equipment and processes. Approximately 60 
to 70% energy losses as a waste heat through exhaust as 
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engine cooling system and 30 to 40% as environment 
through exhaust gas [2] or can be seen in figure 2.5. 
 
 
Figure 2. 4 The Auxliary Engine of PKR Ship [1] 
 
Exhaust gas leaving the engine can have temperatures 
about 450-600°C. Consequently, these gases have high heat 
content, carrying away as exhaust emission.  
Benefits of waste heat recovery system can be broadly 
classified in two categories: 
1. Direct Benefits: Recovery of waste heat has a direct 
effect on the combustion process efficiency. 
2. Indirect Benefits:  
a) Reduction in pollution:  
b) Reduction in equipment sizes 
c) Reduction in auxiliary energy consumption 
 
2.3. Factors Affecting Waste Heat Recovery Feasibility 
Evaluating the feasibility of waste heat recovery 
requires characterizing the waste heat source and the stream 
to which the heat will be transferred. Important waste stream 
parameters that must be determined include:  
• heat quantity,  
• heat temperature/quality,  
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• composition,  
• minimum allowed temperature 
 
 
Figure 2.5 Sankey Diagram of MAN B&W 12S90ME-C9.2 at ISO 
ambient reference conditions and at 100 SMCR [3] 
 
These parameters allow for analysis of the quality and 
quantity of the stream and also provide insight into possible 
materials/design limitations.[3] 
 Heat Quantity 
?̇? = ?̇?. ℎ(𝑡)    (2.1) 
Where : E = waste heat loss (Btu/hr) 
       ?̇? = waste stream mass flow rate (lb/hr) 
     h(t) = waste stream specific enthalpy (Btu/lb) as a 
function of temperature. 
 Heat Exchanger Area Requirements as showed in 
figure 2.6 
?̇? = 𝑈𝐴∆𝑇 (𝑊 𝑜𝑟 Btu/s)   (2.2) 
Where: Q       = heat transfer rate 
10 
 
 
 
U = heat transfer coefficient 
A = surface area for heat exchange 
ΔT = temperature difference between two streams. 
 Exhaust Gas Temperature 
 Using exhaust gas from diesel engine have 
temperature limitation of how much its temperature 
difference after the waste heat recovery system. Sulphur 
condensation can occur in the exhaust gas at 
temperature below 160° C, that can lead into corrosion. 
So exhaust gas temperature must not be allowed to drop 
below the acid dew point.[4] 
 
 
Figure 2. 6 The Influence of Source and Sink Temperature 
(ΔT) on Required Heat Exchanger Area [3] 
 
2.4. Coefficient of Performance (COP) 
The coefficient of performance or COP of a heat pump 
is a ratio of heating or cooling provided to work required. 
Higher COPs equate to lower operating costs. The COP may 
exceed 1, because, instead of just converting work to heat 
(which, if 100% efficient, would be a COP of 1), it pumps 
additional heat from a heat source to where the heat is 
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required [5]. For complete systems, COP should include 
energy consumption of all auxiliaries. COP is highly 
dependent on operating conditions. 
 The COP for heating and cooling are thus different, 
because the heat reservoir of interest is different. When one 
is interested in how well a machine cools, the COP is the 
ratio of the heat removed from the cold reservoir to input 
work. However, for heating, the COP is the ratio of the heat 
removed from the cold reservoir plus the input work to the 
input work : 
𝐶𝑂𝑃ℎ𝑒𝑎𝑡𝑖𝑛𝑔 =
|𝑄𝐻|
𝑊
=
|𝑄𝐶| + 𝑊
𝑊
 
𝐶𝑂𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 =
|𝑄𝐶|
𝑊
   (2.3) 
Where: 
 QC is the heat removed from the cold reservoir. 
 QH  is the heat supplied to the hot reservoir. 
 
 According to the first law of thermodynamics, in a 
reversible system we can show that Qhot = Qcold + W and W= 
Qhot - Qcold  ,where  Qhot is the heat transferred to the hot 
reservoir and Qcold is the heat collected from the cold heat 
reservoir. 
 Therefore, by substituting for W, 
𝐶𝑂𝑃ℎ𝑒𝑎𝑡𝑖𝑛𝑔 =
𝑄ℎ𝑜𝑡
𝑄ℎ𝑜𝑡 − 𝑄𝑐𝑜𝑙𝑑
 
𝐶𝑂𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 =
𝑄𝑐𝑜𝑙𝑑
𝑄ℎ𝑜𝑡−𝑄𝑐𝑜𝑙𝑑
   (2.4) 
 
2.5. Vapour Absorption Refrigeration 
 Vapour Absorption Refrigeration Systems (VARS) is 
included to vapour cycles similar to vapour compression 
refrigeration systems. However, unlike vapour compression 
refrigeration systems, the required input to absorption 
systems is in the form of heat. Hence these system are also 
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Figure 2. 7 Comparison of the effect of COP values on generator 
temperatures variation [6] 
 
called as heat operated or thermal energy driven systems. 
Since these systems run on low-grade thermal energy, they 
are preferred when low-grade energy such as waste heat or 
solar energy is existed. Since conventional absorption 
systems use natural refrigerants such as water or ammonia 
they are environment friendly. 
 When a solute such as lithium bromide salt is dissolved 
in a solvent such as water, the boiling point of the solvent 
(water) is elevated. On the other hand, if the temperature of 
the solution (solvent + solute) is held constant, then the 
effect of dissolving the solute is to reduce the vapour 
pressure of the solvent below that of the saturation pressure 
of pure solvent at that temperature[6]. Figure 2.8 shows the 
patented VARS. 
In the simplest absorption refrigeration system, 
refrigeration is obtained by connecting two vessels, with one 
vessel containing pure solvent and the other containing a 
solution. Since the pressure is almost equal in both the 
vessels at equilibrium, the temperature of the solution will 
be higher than that of the pure solvent. This means that if the 
solution is at ambient temperature, then the pure solvent will 
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be at a temperature lower than the ambient. Hence 
refrigeration effect is produced at the vessel containing pure 
solvent due to this temperature difference. The solvent 
evaporates due to heat transfer from the surroundings, flows 
to the vessel containing solution and is absorbed by the 
solution. This process is continued as long as the 
composition and temperature of the solution are maintained 
and liquid solvent is available in the container. 
 
 
Figure 2. 8 Vapour Absorption Diagram [7] 
 
2.6. Components of Vapour Absorption Refrigeration 
System 
Generator:The generator functions to deliver the refrigerant 
vapour to the rest of the system by separating refrigerant 
from the solution. The solution absorbs heat from the heat 
source, causing the refrigerant to vaporize and separate from 
the absorbent solution. The concentrated absorbent solution 
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returns to the absorber and the refrigerant vapour migrates to 
the condenser.[6] 
 
Condenser: Condenserfunctions to condense the refrigerant 
vapours. Inside the condenser, cooling water flows through 
tubes and the hot refrigerant vapour fills the surrounding 
space. [7] 
 
Absorber: Inside the absorber, the refrigerant vapour is 
absorbed by the solution. As the refrigerant vapour is 
absorbed,it condenses from a vapour to a liquid, releasing 
the heat itacquired in the evaporator. The heat released from 
thecondensation of refrigerant vapours by their absorption in 
thesolution is removed by the cooling water circulating 
through theabsorber tube bundle. The weak absorbent 
solution is thenpumped to the generator where heat is used 
to drive off therefrigerant.[7] 
 
Evaporator: The purpose of evaporator is to cool the 
circulating water. The evaporator contains a bundle of tubes 
that carry the system water to be cooled/chilled. At low 
pressure existing in the evaporator, the refrigerant absorbs 
heat from the circulating water and evaporates. The 
refrigerant vapours thus formed tend to increase the pressure 
in the vessel. This will in turn increase the boiling 
temperature and the desired cooling effect will not be 
obtained. So, it is necessary to remove the refrigerant 
vapours from the vessel into the lower pressure absorber. 
Physically, the evaporator and absorber are contained inside 
the same shell, allowing refrigerant vapours generated in the 
evaporator to migrate continuously to the absorber.[7] 
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2.7. Thermodynamic Analysis 
 The thermodynamic design of the water–LiBr vapour 
absorption chiller system by the first law only is usually 
based on assumed steady-state operating conditions. The 
fundamental simplifications assumed for the model shown in 
figure 2.9 are as follows: 
- Steady state  
- No radiation heat transfer 
- Water at the condenser outlet is saturated liquid 
- Water at the absorber and evaporator outlet is saturated 
vapour 
- The generator and condenser are assumed to have the 
same pressure at equilibrium 
- The absorber and evaporator are assumed to have the 
same pressure at equilibrium 
- Pressure losses in the pipes and all heat exchangers are 
negligible [8] 
 
 
Figure 2. 9 Vapour Absorption Design 
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 Generator 
The heat transfer rate from the engine exhaust gas to 
the AHP system vapour generator isexpressed as: 
𝑄𝐺𝑒𝑛 = 𝑚4. ℎ4 + 𝑚7. ℎ7 − 𝑚3. ℎ3 (2.5)     
𝑄𝐺𝑒𝑛 = 𝑚𝑒𝑥ℎ. 𝑐𝑒𝑥ℎ. (𝑇𝑒𝑥ℎ,𝑖𝑛 − 𝑇𝑒𝑥ℎ,𝑜𝑢𝑡) (2.6)      
 
 Absorber 
The heat transfer rate of absorber is: 
𝑄𝐴𝑏𝑠 = 𝑚10. ℎ10 + 𝑚6. ℎ6 − 𝑚1. ℎ1 (2.7) 
 
 Solution Heat Exchanger 
 The rate of heat transfer between the strong and 
weak solutions is as follow with losses to the 
surroundings are negligible: 
𝑄𝑠ℎ𝑥 = 𝑚2. (ℎ3 − ℎ2)   (2.8) 
𝑄𝑠ℎ𝑥 = 𝑚4. (ℎ4 − ℎ5)   (2.9) 
 
While the heat exchanger effectiveness is below: 
𝜀 =
𝑇ℎ,𝑖−𝑇ℎ,𝑜
𝑇ℎ,𝑖−𝑇𝑐,𝑖
    (2.10) 
 
 Condenser 
The heat transfer rate of condenser is: 
𝑄𝐶𝑜𝑛𝑑 = 𝑚7. ℎ7 − 𝑚8. ℎ8   (2.11) 
 
 Evaporator 
The heat transfer rate of evaporator is: 
𝑄𝑒𝑣𝑎𝑝 = 𝑚10. ℎ10 − 𝑚9. ℎ9  (2.12) 
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2.8. Chiller 
A chiller is a machine that removes heat from a liquid via 
a refrigeration cycle. This liquid can then be circulated 
through a heat exchanger to cool equipment, or another 
process stream (such as air or process water). Concerns in 
design and selection of chillers include performance, 
efficiency, maintenance, and product life cycle 
environmental impact. 
 In air conditioning systems, chilled water is typically 
distributed to heat exchangers, or coils, in air handling units  
like on the ship or other types of terminal devices which cool 
the air in their respective space(s) [9]. The water is then re-
circulated back to the chiller to be cooled again. A typical 
chiller for air conditioning applications is rated between 15 
and 2000 tons. Chilled water temperatures can range from 
35 to 45 °F (2 to 7 °C), depending upon application 
requirements. Figure 2.10 shows the existing chiller system 
onboard PKR ship. 
 
 
Figure 2. 10 Existing Chiller Machine with Vapour Compression 
Method [1] 
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2.9. Exhaust Gas Back Pressure 
 Engine exhaust back pressure is pressure that is produced 
by the engine to overcome the hydraulic resistance of the 
exhaust system in order to discharge the gases into the 
atmosphere. It is the diesel engine that pumps the gas by 
compressing it to a sufficiently high pressure to overcome 
the flow obstructions in the exhaust system.[10] 
 Increased exhaust pressure can have several effects on 
the diesel engine, as follows: 
• Increased pumping work 
• Reduced intake manifold boost pressure 
• Cylinder scavenging and combustion effects 
• Turbocharger problems 
 At increased back pressure levels, the engine has to 
compress the exhaust gas to a higher pressure which 
involves additional mechanical work and/or less energy 
extracted by the exhaust turbine which can affect intake 
manifold boost pressure. This can lead to an increase in fuel 
oil consumption, PM and CO emissions and also exhaust 
temperature. An increase in NOx emissions is also possible 
due to the increase of engine load. 
 
𝑃 =  
𝐿×𝑠×𝑄2×3.6 ×106
𝐷5
+ 𝑃𝑠        (2.13) 
Where : 
P  = Back Pressure ( kPa ) 
L  = Total equivalent length of pipe ( m ) 
Q  =  Exhaust gas flow ( m3/min) 
D  = Inside diameter of pipe (mm) 
Ps  = Pressure drop of silencer/raincap (kPa) 
S = Density of gas ( kg/m3 ) 
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2.10. EngineeringEquation Solver (EES) Software 
 EES is a general equation-solving program that can 
numerically solve thousands of coupled non-linear algebraic 
and differential equations. The program can also be used to 
solve differential and integral equations, do optimization, 
provide uncertainty analyses, perform linear and non-linear 
regression, convert units, check unit consistency, and 
generate publication-quality plots. A major feature of  is the 
high accuracy thermodynamic and transport property 
database that is provided for hundreds of substances in a 
manner that allows it to be used with the equation solving 
capability. 
 
 
Figure 2. 11  EES Software  
 EES also includes parametric tables that allow the user to 
compare a number of variables at a time or can be seen in 
the figure 2.11. Parametric tables can also be used to 
generate plots.  It can also integrate, both as a command in 
code and in tables.  It also provides optimization tools that 
minimize or maximize a chosen variable by varying a 
number of other variables. Lookup tables can be created to 
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store information that can be accessed by a call in the code.  
Code allows the user to input equations in any order and 
obtain a solution, but also can contain if-then statements, 
which can also be nested within each other to create if-then-
else statements. Users can write functions for use in their 
code, and also procedures, which are functions with multiple 
outputs. 
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CHAPTER 3 
METHODOLOGY 
 
 The methodology that is used in this thesis is based on 
vapour absorption cycle calculation  and then running a 
simulation using a EES software to get full comparation so the 
final design of the system can work satisfactorily. 
 
3.1. Statement of Problems 
 Identifying the problems is to determine what problem 
formulation to be taken. Formulation of the problem is an 
early stage in the implementation of the final project. This 
stage is a very important stage, which at this stage is why 
there is a problem that must be solved so worthy to be used 
as ingredients in the final work. Problem formulation is done 
by digging information about problems that occur at this 
time. From this stage, the purpose of why this thesis done is 
knowable. In this thesis, the problem to be addressed and 
solved is the use of chiller system using vapour absorption 
method by utilizing the exhaust gas of the main engine. 
 
3.2. Literature Review 
 Once a problem is already known, the next step is to 
collect reference materials related to the final project from 
any resources. The references of this thesis are received 
from books, journals, thesis report, and informations from 
internet. 
 
3.3. Data Collection 
 To support the thesis, we need to collect some data such 
as: ship size, total cooling capacity, exhaust gas flow rate, 
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ship endurance, and other data. The collected data shall 
cover general plan drawings and chiller system drawings. 
 
3.4. Empirical Study 
At this stage there are two main points that are initial 
analysis and draft planning. This initial analysis is used to 
analyze the waste heat recovery from exhaust gases. 
Furthermore, the draft plan is used to plan the design of the 
system to be used.  
3.5. Design of Chiller System 
Beside using calculation simulation, at this stage 
modelling of the system also using  software. Results from 
different method of simulation can be compared so we can 
know the best and optimal results. 
3.6. Result and Discussion 
 At this stage, the analysis of data from chiller system has 
been created. From it,  some charts can be made to show the 
performance of the system. 
 
3.7. Conclusions and Recommendations 
The final step is to make the conclusion that the whole 
process has been done before as well as provide answers to 
existing problems. The suggestions given based on the 
results of the analysis on which to base the next research, 
either directly related to this research or on the data and 
methodology that will be referenced. 
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3.8. Flowchart of Research Method 
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CHAPTER 4 
DESIGN OF CHILLER SYSTEM BASED ON 
WASTED HEAT RECOVERY SYSTEM (WHRS) 
 
4.1. Block Diagram of WHRS System 
The designed vapour aborption chiller system is not 
considered under the diesel engine load of 50% as running 
under low loads can cause low cylinder pressures and 
consequent poor piston ring sealing. This furthermore will 
cause poor combustion and low combustion pressures and 
temperatures. Ideally, diesel engines should be run at least 
50% MCR[8]. When the ship engine is in stand by or very 
low engine loads (under 50%), the cooling load for PKR 
ship will be met from vapour compression chiller or other 
refigeration system. In addition, vapour compression chiller 
on board PKR ship may will be operated as reserve in 
emergency situations, in naval base or during periodic 
engine overhaul in naval shipyard. 
PKR ship has two main engines and two auxliary 
engines that propel the ship. With the total  cooling loads 
(capacity) of 630 kW, the vapour absorption chiller system 
will be designed into two units, one will work by reusing 
main engine exhaust gas, and the other one will work by 
reusing auxiliary engine exhaust gas. 
The designed chiller(figure 4.1) uses water as the 
refrigerant andLiBr-water solution as the absorbent. 
Thesystem consists of a generator, absorber, solution heat 
exchanger, condenser,evaporator, expansion valves, solution 
pump. The generator converts waste heat from engine 
exhaust into useable heat. The solution heat exchanger is 
used for internal heatrecovery to preheat the solution leaving 
the absorber that this will improve system efficiency. 
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The use of a pump prevents crystallisation and reduces 
submergence in pool boilinggenerators. The highest risk 
forcrystallisation is when the strong solution has been cooled 
by the solution heat exchanger, where the concentration is 
the highest and the temperature is the lowest. 
 
 
Figure 4. 1 Designed Planning of Chiller System based on WHRS 
The use of a pump prevents crystallisation and reduces 
submergence in pool boilinggenerators. The highest risk 
forcrystallisation is when the strong solution has been cooled 
by the solution heat exchanger, where the concentration is 
the highest and the temperature is the lowest. 
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4.2. Comparison between Existing and New Designed 
Chiller 
There are two units of chiller system on board PKR 
ship. Every unit consist of 2 sub system with a condenser, an 
evaporator, and a compressor each. The cooling load of 630 
kW can be achieved by using only 1 unit chiller (2 sub 
system) or by using 2 units chiller (1 sub system each). 
Existing chiller system is based on vapour compression 
refrigeration method. It requires a compressor that consumes 
about 130 kW of electricity, or about 260 kW in total. 
 
 
Figure 4. 2 VARS Design 
The new designed chiller system (figure 4.2) will be 2 
units too. But the operational is a bit different with the 
existing chiller. 1 unit will work by reusing the heat of main 
engine exhaust gas with cooling capacity (load) of 630 kW. 
And the other unit will be consisted of 2 sub system and 
work by reusing the heat of auxiliary engine exhaust gas 
with cooling load of 315 kW each. 
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4.3. Pros and Cons (Expectation) 
The vapour absorption refrigeration method has pros 
and cons compared with the vapour compression 
refrigeration method. In general, vapour compression needs 
small space requirement, while vapour absorption does not. 
But vapour absorption refrigeration method is getting more 
popular in the place where wasted heat is not used. Concern 
about evironmental friendly system also make this system 
advantageous. 
 
 Advantages of absorption cooling 
o Reduction of fuel consumption  
The system uses waste heat and hardly any electricity 
o Low maintenance / high reliability 
 The system contains very few moving parts that require 
maintenance 
o No special training required  
Maintenance and operating can be performed by non-
specialists i.e. ship’s crew 
o Reduction of emissions  
The reduction of fuel consumption results in a reduction 
of emissions 
 
 Disadvantages of absorption cooling 
o Investment cost 
o In port, operation requires another heat source or back-up 
system 
o Space requirements 
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CHAPTER 5 
RESULT AND DISCUSSION 
 
5.1 Exhaust Data of Main Engine 
 As the designed system will work based on waste heat 
recovery system using the heat of exhaust gas, the first step 
is to find the main engineexhaust gas mass flow rate and its 
temperature both from project guide (table 5.1), testbed 
(table 5.2), and manual calculation. 
 
Table 5. 1 Exhaust Gas Properties at Turbine Outlet [12] 
No. Load Exhaust Gas Temperature (°C) 
Heat Content 
(kW) 
Mass Flow 
(kg/s) 
1 100% 436 4527.8 16.83 
2 85% 416 3565.3 14.50 
3 75% 434 3354.2 12.60 
4 50% 454 2444.4 8.49 
 
Table 5. 2 Exhaust Gas properties of M/E Test Bed 
No. Load Exhaust Gas Temperature (°C) 
Heat Content 
(kW) 
Spesific Heat 
(kJ/kg.K) 
1 100% 397.5 3807 1.01 
2 85% 390.7 3723 1.01 
3 75% 380.5 3491 1.01 
4 50% 356 3071 1.009 
 
 Based on the above data, the exhaust gas temperature 
will be taken based on the test bed data, while the exhaust 
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gas mass flow rate will be taken based on the main engine 
project guide. 
5.2 Estimating the Exhasut Gas flow rate of A/E 
 Beside from main engine, exhaust gas fromauxiliary 
engine could be possible to be used too. But the flow rate is 
certainly lower than of main engine. The test bed data is 
resumed in table 5.3 
Table 5. 3 Exhaust Gas properties of A/E Test Bed 
No. Load Exhaust Gas Temp. (°C) at Turbine Outlet 
1 100% 315 
2 75% 280 
3 50% 240 
4 25% 195 
 
5.2.1 Estimating RPMBased on The Auxilary Engine 
Load 
The calculation process to find out the RPM at the 
50% load by using equation below: 
 𝑃2( 100% ) = 771 𝐾𝑊  
 𝑛2( 100% ) = 1800 𝑅𝑃𝑀  
𝑛1 = (
𝑃1(𝑛2)
3
𝑃2
)
1/3
 
            = (
50 (1800)3
100
)
1/3
=  1269,9 𝑅𝑃𝑀 
 
50% load is taken so the lowest load of main engine 
and auxiliary engine is same in order to make it as input 
heat. 
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5.2.2 Finding Out the Power of Auxilary Engineat 
CertainLoad 
P = %𝐿𝑜𝑎𝑑𝑥 MCR of A/E 
= 50% x 771 kW 
 = 385,5 kW 
  
5.2.3 Calculating Exhaust Gas Mass Flow Rate 
ofAuxiliary Engine 
a. Mass Flow Rate of Fuel  
ṁf = s.f.c x Power 
 = 220,8 x 385,5 
 = 85118,4 gr/h 
= 23,644 gr/s 
 
b. Mass Flow Rate of Air  
ɳv = Volume of air  
 
 
Sweft volume 
 ɳv = ṁa 
 
 
ρa x n x Vs 
 ṁa = ɳv x ρa x n x Vs 
 With:  Vs = 0,0321 m3 
 
ɳv = 3,0 
 
 
ρa = 1,167 kg/m3 
 
N = 1267 rev/min 
ṁa = ɳv x ρa x n x Vs 
 
ṁa = 3 x 1,167 x 1267 x 0,032 
= 2365,742 gram/s 
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c. Mass Flow Rate of Exhaust Gas  
ṁE   = ṁf + ṁa 
 = 23,644 + 2365,742 
 = 2389,386 gram/s 
= 2,39 kg/s  
 
Table 5. 4 Exhaust Gas flow rate of A/E 
No. n (rpm) mf (gr/s) ma (gr/s) mexh (kg/s) 
1 1800 47.29 3361.0 3.408 
2 1635.409 35.47 3053.6 3.089 
3 1428.661 23.64 2667.6 2.691 
4 1133.929 11.82 2117.3 2.129 
 
5.3 Temperature and Pressure Design of Vapour 
Absorption Chiller 
From papers related to vapour absorption chiller on both 
landbased and marine used, here are the data taken for initial 
design (table 5.5): 
Table 5. 5 VARS designed parameter 
No. Component Temp. (°C) Solution Pressure (bar) 
1 Generator 100 H2O + LiBr 0.12352 
2 Condensor 50 H2O  0.12352 
3 Evaporator 5 H2O  0.00873 
4 Absorber 35 H2O + LiBr 0.00873 
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Figure 5. 1 Vapour Absorption Diagram 
  
5.4 Calculation of Mass Flow rate of Water Vapour 
 According to existed vapour compression chiller 
data, the cooling capacity is about 315 kW for one sub 
system (630 kw in total) that means the heat taken in 
evaporator. Figure 5.1 shows the designed VAR chiller. 
𝑄 = 𝑚𝑊 𝑥 (ℎ10 − ℎ9) 
𝑚𝑊 =
𝑄
(ℎ10 − ℎ9)
⁄ =  630 (2510,4 − 209,5)⁄ = 0,274 𝑘𝑔/𝑠 
 With the enthalpy in point 9 (saturated liquid phase) can 
be calculated using this equation: 
ℎ𝑤,𝑙𝑖𝑞𝑢𝑖𝑑 = 4.19𝑥(𝑇 − 𝑇𝑟𝑒𝑓) 
 
 And the enthalpy in point 10 (pressurised vapour phase) 
can be calculated using this equation: 
ℎ𝑤,𝑠𝑢𝑝 = 2501 + 1.88𝑥(𝑇 − 𝑇𝑟𝑒𝑓 ) 
 
34 
 
 
 
5.5 Finding theWater-LiBr Concentration 
 The vapour absorption system is divided into two 
concentration state, namely weak and strong solution. State 1 
where the solution concentration is weak and state 4 where the 
solution concentration is strong. 
 
Figure 5. 2Pressure-Temperature-Concentration diagram for H2O-
LiBr solution [7] 
 Using the figure 5.2, we can find the solution 
concentration by inputing the temperature and pressure of the 
solution. 
Table 5. 6 Solution Concentration 
Temp. (°C) Pressure (kPa) Concentration 
35 0.872 0.565 
100 12.352 0.617 
  
 The weak concentration is located in state 1,2 and 3. 
While the strong concentration is located in state 4,5,and 6 
(can be seen in table 5.6 and 5.7). The concentration is called 
as weak when higher water is consisted in the solution, and 
vice versa. 
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Table 5. 7 Solution Concentration on Different States 
State 
Point 
Temp. 
(°C) 
Pressure 
(kPa) 
Concentration 
(%LiBr) 
7 100 12.352 - 
8 50 12.352 - 
9 5 0.87 - 
10 5 0.87 - 
1 35 0.87 56.5 
2 35 12.352 56.5 
3 90.15 12.352 56.5 
4 100 12.352 61.7 
5 35 12.352 61.7 
6 35 0.87 61.7 
 
5.6 Calculation of enthalpy of LiBr-water Solution 
 The enthalpy of the mixed solution can be calculated by 
using this formula from[11]: 
ℎ = ∑ 𝐴𝑛𝑋
𝑛 + 𝑡 ∑ 𝐵𝑛𝑋
𝑛 + 𝑡2 ∑ 𝐶𝑛𝑋
𝑛
4
𝑛=0
4
𝑛=0
4
𝑛=0
 
Table 5. 8 A,B, C Value 
n Ai Bi Ci 
0 -2024.3 18.283 -0.03701 
1 163.31 -1.1692 0.002888 
2 -4.8816 0.03248 -8.1E-05 
3 0.063029 -0.0004 9.91E-07 
4 -0.00029 1.85E-06 -4.4E-09 
  
With 
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 From the formula, only temperature and concentration of 
the solution that effecting the enthalpy of the solution. The 
result can be seen on table 5.9. 
 
Table 5. 9 Enthalpy Value on Different States 
State 
Point 
Temp. 
(°C) 
Pressure 
(kPa) 
Concentration 
(%LiBr) 
Enthalpy 
(kJ/kg) 
7 100 12.352 - 2689 
8 50 12.352 - 209.5 
9 50 0.87 - 209.5 
10 5 0.87 - 2510.4 
1 35 0.87 56.5 89.003 
2 35 12.352 56.5 89.003 
3 90.15 12.352 56.5 200.73 
4 100 12.352 61.7 237.756 
5 35 12.352 61.7 115.74 
6 35 0.87 61.7 115.74 
 
5.7 Calculation of mass flow rate of Strong and Weak 
Solution using the Circulation Ratio 
 The circulation ratio (λ) is defined as the ratio of strong 
solution flow rate to refrigerant flow rate. It is given by: 
λ =
𝑚SS
𝑚𝑊⁄ =
𝜉WS
(𝜉𝑆𝑆 − 𝜉𝑊𝑆)
⁄ = 0,565 (0,617 − 0,565)⁄
= 10,865 
𝑚SS = λ x 𝑚𝑊 = 10,865 𝑥 0,274 = 2,975 𝑘𝑔/𝑠 
             𝑚WS = (1 + λ)x 𝑚𝑊 = 11,865 𝑥 0,274 = 3,249 𝑘𝑔/𝑠 
 
5.8 Calculation of enthalpy and temperature of state 3 
 In state 3, the solution is preheated using the heat of 
strong solution flowing from generator with the help of 
solution heat exchanger. To calculate the enthalpy of state 3, 
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we can use formula based on heat balance in state 2-3 and 4-
5: 
  ℎ3 = ℎ2 +
𝑚𝑠𝑠
𝑚𝑤𝑠
(ℎ4 − ℎ5) (2.8 & 2.9) 
ℎ3 = 200,73 kJ/kg 
 
 Using the formula from Ashrae handbook, 2009, again, 
we can find the temperature of state 3 in the way of back 
equation: 
200,73 = 18,277 + 2,02𝑇 + 6,34. 10−5𝑇2 
182,46 = 2,02𝑇 + 6,34. 10−5𝑇2 
Dividing all by 2,02; the constant of 𝑡2 become nearly zero, 
So, 𝑇3 = 90,15°𝐶  
 
5.9 Calculation of heat transfer rate of Absorber 
Component 
𝑄𝐴 = (𝑚𝑊. ℎ10) + (𝑚𝑆𝑆 . ℎ6) − (𝑚𝑊𝑆 . ℎ1)(2.7) 
𝑄𝐴 =742,53 kW 
 
5.10 Calculation of heat transfer rate of Generator 
Component 
𝑄𝐺 = (𝑚𝑊. ℎ7) + (𝑚𝑆𝑆. ℎ4) − (𝑚𝑊𝑆. ℎ3) (2.5) 
𝑄𝐺 =791,46 kW 
 
5.11 Calculation of heat transfer rate of Condenser 
Component 
𝑄𝐶 = 𝑚𝑊. (ℎ7 − ℎ8)  (2.11) 
𝑄𝐶 =678,9 kW 
 
5.12 Calculation of COP 
  𝐶𝑂𝑃 = 𝑄𝐸
𝑄𝐺
=
630
791,46
= 0,796  (2.3) 
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5.13 Calculation of M/E Exhaust Gas by variating its 
outlet temperature 
𝑄𝐺 = 𝑄𝑒𝑥ℎ = 𝑚𝑒𝑥ℎ𝑥𝐶𝑃,𝑒𝑥ℎ𝑥(𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡 )  (2.6) 
𝑚𝑒𝑥ℎ =
𝑄𝑒𝑥ℎ
𝐶𝑃,𝑒𝑥ℎ𝑥(𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡 )
⁄ =
791,46
1,009𝑥(356 − 190)⁄  
𝑚𝑒𝑥ℎ=4,73 kg/s 
 
 50% load of main engine is chosen as the minimum heat 
input to the vapour absorption chiller system. 
 
Table 5. 10 Needed Exhaust Gas Mass Flow Rate 
 
(kg/s) Tin Tout 
m1 = 4.73 356 190 
m2 = 6.23 356 230 
m1 = 7.40 356 250 
m3 = 8.49 356 263.57 
m5 = 9.12 356 270 
 
The figure 5.3 is made according to the 50% main engine 
load condition that the exhasut gas inlet is 356°C. From the 
result above, we can conclude that the bigger the exhaust gas 
temperature outlet, the bigger also the needed exhaust gas 
mass flow rate. Considering the impact of backpressure, 8,49 
kg/s is chosen so that the exhaust gas will flow into the 
generator directly without any obstacle like valve. 
 The temperature difference of main engine exhaust gas is 
nearly the same at variated main engine load. The minimum 
load of 50% would be enough to run the designed chiller 
system. 
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Figure 5. 3 Needed Exhaust Gas Mass Flow Rate Vs Exhaust Gas 
Outlet Temperature 
 
 
Figure 5. 4 M/E Exhaust Gas Temperature Difference Vs M/E 
Load 
 
5.14 Generator Temperature Variation 
 The generator temperature is variated to know how this 
affect several performance parameter of the designed chiller 
system. 
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Table 5. 11 Variation of  Generator Temperature 
No. Temp. (°C) 
1 90 
2 95 
3 100 
4 105 
5 110 
 
 The temperature variation in figure 5.11 is also done due 
to change of main engine load depending upon the operation 
mode of the ship. 
 
Table 5. 12 State 4 Parameter Change 
State 4 
   No. T (°C) ξ (%LiBr) h (kJ/kg) 
1 90 57.4 202.96 
2 95 59.8 220.79 
3 100 61.7 237.76 
4 105 63.2 253.46 
5 110 64.7 269.31 
 
 Because of the variation of generator temperature, all 
component will be effected except for evaporator 
component, can be seen in the figure 5.13 until 5.16. 
 
Table 5. 13 State 7 Parameter Change 
State 7 
  No. T (°C) h (kJ/kg) 
1 90 2670.2 
2 95 2679.6 
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No. T (°C) h (kJ/kg) 
3 100 2689 
4 105 2698.4 
5 110 2707.8 
 
Table 5. 14 State 3 Parameter Change 
State 3 
    No. ξSS  ξWS λ h3 (kJ/kg) 
1 0.574 0.565 62.778 174.855 
2 0.598 0.565 17.121 188.252 
3 0.617 0.565 10.865 200.733 
4 0.632 0.565 8.433 212.116 
5 0.647 0.565 6.890 223.104 
 
Table 5. 15 State 5 Parameter Change 
State 5 (h5=h6) 
 No. Qshx (kW) h5 (kj/kg) 
1 181.49 181.85 
2 181.49 143.36 
3 181.49 115.74 
4 181.49 96.25 
5 181.49 76.90 
 
Table 5. 16 Heat Balance Change 
Heat Balance 
    No. Qe (kW) Qa (kW) Qg (kW) Qc (kW) COP 
1 630 1122.57 1166.320 673.754 0.540 
2 630 788.33 834.659 676.328 0.755 
3 630 742.53 791.436 678.902 0.796 
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No. Qe (kW) Qa (kW) Qg (kW) Qc (kW) COP 
4 630 724.73 776.202 681.476 0.812 
5 630 713.43 767.483 684.049 0.821 
 
 
Figure 5. 5 Generator Temperature Vs COP 
 
 From the figure above, it can be concluded  that the COP 
of the system rise up as the generator temperature increases. 
This means lower input energy required for the system. 
Figure 5.6 shows that with the increasing of generator 
temperature, circulation ration will decrease. Higher 
temperature of LiBr solution will have higher concentration 
that lead to lower circulation ration and the lower required 
pump work.  
Figure 5.7 shows that all components (except evaporator) 
have decreasing value of heat transfer rate as the generator 
temperature increases. 
The generator component is designed with the basic 
value of 50% MCR condition. This means for upper M/E 
load, the temperature difference of exhaust gas will remain 
constant while the exhaust gas mass flow rate change. The 
maximum QG achieved from figure 5.7 is about 1166 kW at 
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TG= 90°C. But according to figure 5.8, the maximum QG= 
1691 kW. This can not be done as more lower temperature 
of TG must be reached.  
 
 
Figure 5. 6Generator Temperature Vs Circulating Ratio 
 
 
Figure 5. 7Generator Temperature Vs Qsystems 
 
 With the help of EES software we can find the exact 
temperature of TG with variated engine load. In next 
simulation, cooling capacity of 630 kW will be used for 
6.000
21.000
36.000
51.000
66.000
85 95 105 115
C
ir
cu
la
ti
o
n
 R
at
io
 (λ
)
Generator Temp.
Generator Temp. Vs Circulation 
Ratio
600.000
700.000
800.000
900.000
1000.000
1100.000
1200.000
85 95 105 115
Q
 (
kW
)
Generator Temp.
Qg
Qa
Qc
44 
 
 
 
chiller with M/E exhaust gas and 315 kW for chiller with 
A/E exhaust gas. 
 
 
Figure 5. 8M/E Load Vs Qgen 
In other arrangement that is using exhaust gas from 
A/E, cooling capacity is divided by 2 because of smaller 
power of A/E compared with M/E. In A/E arrangement, the 
vapour absorption system will work with the help of 2 A/E 
as the cooling capacity is divided.  
 The QG in the designed system in the previous pages was 
calculated using cooling capacity of 630 kW. So QG have 
just to be divided by 2 also in A/E arrangement. QG= 424,3 
kW. 
 In figure 5.9, A/E load of lower than 75% can not 
provide such wasted heat. These will become a new 
consideration for simulation in EES later. 
 
5.15 Engineering Equation Solver (EES) Software 
Simulation of M/E 
 With EES, finding many properties of any fluids can be 
done without any manual calculation, including LiBr-water 
solution. The designed vapour absorption must be 
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formulated in EES with thermodynamic equations precisely. 
For further and detailed formula can be seen in the 
attachment of this thesis. 
 
Figure 5. 9% A/E Load Vs Qgen 
 After the simulation, we can get the value of some 
variables that we were looking before. We can also get the 
value by variating the known variables. 
 
Table 5. 17 EES Result (1) of VARS with M/E Exhaust Gas 
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There are differences in LiBr-water concentration and 
also enthalpy of all points according to EES result. This 
happen because during manual calculation, LiBr-water chart 
was used but actually it is less precision. While the enthalpy 
was calculated with experimental formula from [11]. 
 
Table 5. 18 EES Result (2) of VARS with M/E Exhaust Gas 
 
 
 The heat transfer rate of each component resulted higher 
value in EES. This happen with the same reason as in table 
5.18. 
 From the results, we can also build charts that will 
describe impact of one parameter to the others. This can be 
done by clicking the plots feature and parametric table 
feature. 
 Figure 5.8 is the same with figure 5.10, but in figure 5.10 
we can know the lowest limit of TG with QG of up to nearly 
1700 kW. QG of more than 1700 kW can not be reached as 
the TG will go even  low that the concentration of LiBr will 
decrease effecting the minus circulation ratio (F). 
 When TG is more than 110°C, crystallisation tend to 
happen due to the even highe concentration of LiBr-water. 
Temperature more than 130°C will effecting a catastrophic 
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crystallisation, and blocked circulation that then will reduce 
cooling capacity of evaporator.  
 
Figure 5. 10Tg Vs Qgen (EES result; M/E) 
 
 
Figure 5. 11Tg Vs COP (EES result; M/E) 
 COP decreases with even lower temperature of TG. As 
COP Depends on QG, pump work, and QEvap. The best COP 
lies in temperature of TG more than 100°C. In fact in that 
condition crystallisaton tend to happen, so some additive 
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shall be used if the vapour absorption system work in this 
condition. 
With the increasing of temperature TG, heat flow rate in 
generator and condenser component decreases while heat 
flow rate in condenser increases. QEvap shall be able to 
produce constant cooling capacity, so it is not effected by the 
variation of TG as long as the output temperature in 
condenser remain constant too. 
 
 
Figure 5. 12TG Vs QSystem(EES result; M/E) 
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Table 5. 19 Effects of Tg variation (EES result; M/E) 
 
 
 The result resumed in table 5.19 shows that COP, F, LiBr concentration and all heat flow 
rate of all components change with the variation of TG. From manual calculation we have calucated 
the QG according to M/E load from 50% to 100%. At 50% QG= 849,5 kW, at 75% QG= 1264,76 
kW, at 85% QG= 1456,19 kW, and at 100% load QG= 1691.97 kW. These heat flow rate can be 
matched with the results stated in table 4.19 for finding the matched temperature of TG. 
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Table 5. 20 Calculation Error of VAR System with M/E exhaust  
gas 
QSystem Manual (kW) Software (kW) Error 
QAbs 742.53 801.1 7% 
QG 791.46 849.5 6.8% 
QCon 678.90 678.5 0.1% 
 
 The error in manual calculation happen because of 
two main reasons. First, during manual calculation 
using water-LiBr chart manually is less precision. In 
EES software, properties of water-LiBr solution can be 
achieved with proper formula and input data like 
temperature, pressure, or the solution concentration. 
 Second, during manual calculation, to find 
properties of the refrigerant (in this case is water) at 
different condition (saturated vapour, saturated liquid, 
etc.), experimental formulas were used from [11]. The 
same like in the first reason, EES have a broad data of 
any fluid properties that we do not have to check 
through their properties. 
 
5.16 Engineering Equation Solver (EES) Software 
Simulation of A/E 
 The steps for beginning the simulation is the same with 
the simulation vapour absorption of M/E. The different lies 
only at QEvap that is now 315 kW. 
 QG from manual calculation according to % load of A/E 
is also used as input data. 
Because the QEvap or cooling capacity is 315 kW, fluid 
mass flow rate at each state have different results compared 
with the vapour absorption system with M/E. Variables other 
than fluid mass flow rate remain the same as the designed 
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temperature and pressure is the same with previous 
simulation. 
 
Table 5. 21 EES Result (1) of VARS with A/E Exhaust Gas 
 
 
Table 5. 22 EES Result (2) of VARS with A/E Exhaust Gas 
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 The QG of vapour absorption system with A/E is 424,8 
kW. This is half of the QG of vapour absorption system with 
M/E. QAbs, QCon, and Qhx are also have relation of half time 
of same Q in previous simulation. 
 
 
Figure 5. 13Tg Vs Qgen (EES result; A/E) 
 The maximum QGen according to simulation result is 
about 848 kW with TG = 86,92°C. While the minimum QG is 
about 423 kW with TG =140°C. With the increasing TG, QG 
become lower due to the low circulation ratio effect. 
The lowest COP lies at Tg = 86,92°C because at that 
point the LiBr-water concentration is very low that then lead 
to the high circulation ratio and high pump work. Beside that 
at that point QG  is at the highest condition. As we know 
COP is QEvap divided by QG + WPump. 
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Figure 5. 14Vs COP (EES result; A/E) 
 
Figure 5. 15TG Vs QSystem (EES result; M/E) 
 With the increasing of temperature TG, heat flow rate in 
generator and condenser component decreases while heat 
flow rate in condenser increases. QEvap shall be able to 
produce constant cooling capacity, so it is not effected by the 
variation of TG as long as the output temperature in 
condenser remain constant too. 
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Table 5. 23 Effects of Tg variation (EES result; A/E) 
 
 
 The result resumed in table 5.23 shows that COP, F, LiBr concentration and all heat flow 
rate of all componenst change with the variation of TG. From manual calculation we have calucated 
the QG according to A/E load of 75% and 100%. At 75% QG= 424,9 kW and at 100% QG= 598  
kW. These heat flow rate can be matched with the results stated in table 4.19 for finding the 
matched temperature of TG. 
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Table 5. 24 Calculation Error of VAR System with A/E exhaust  
gas 
QSystem Manual (kW) Software (kW) Error 
QAbs 371.27 400.5 7% 
QG 395.73 424.8 6.8% 
QCon 339.45 339.2 0.1% 
 
 The error in manual calculation happen because of 
two main reasons. First, during manual calculation 
using water-LiBr chart manually is less precision. In 
EES software, properties of water-LiBr solution can be 
achieved with proper formula and input data like 
temperature, pressure, or the solution concentration. 
 Second, during manual calculation, to find 
properties of the refrigerant (in this case is water) at 
different condition (saturated vapour, saturated liquid, 
etc.), experimental formulas were used from [11]. The 
same like in the first reason, EES have a broad data of 
any fluid properties that we do not have to check 
through their properties. 
 
5.17 Back Pressure on Exhaust Gas (Shell side) 
 Generator component is the place where exhaust gas flow 
through to heat the LiBr-water solution. The generator 
component is choosen as a heat exchanger (shell and tube 
type). In this thesis, the design of the generator focuses only 
on the shell side only to find the pressure drop of exhaust 
gas and then the back pressure of the modified exhaust gas 
system.
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 Because the designed chiller system are two systems, one 
with the M/E exhaust gas, and the other one with A/E 
exhaust gas, there are different input data such as the 
existing exhaust gas pipe diameter and length. According to 
exhaust gas system drawing, these are the required input 
data to design the heat exchanger: 
 Main Engine 
Exhaust gas pipe/manifold diameter= 711 mm 
Exhaust gas pipe/manifold thickness= 6,3 mm 
 Auxiliary Engine 
Exhaust gas pipe/manifold diameter= 323,9 mm 
Exhaust gas pipe/manifold thickness= 6,3 mm 
 
With manual calculation and using data from [12] and  [13], 
the results of designed system with M/E exhaust gas and 
A/E exhaust gas are: 
 Main Engine 
Back pressure = 0,658 kPa.  
This result is satisfied compared with the maximum 
allowable back pressure of 3 kPa according to [14] 
 
 Auxiliary Engine 
Back pressure = 1,25 kPa.  
This result is satisfied compared with the maximum 
allowable back pressure of 3 kPa according to [15] 
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CHAPTER 6 
CONCLUSION& SUGGESTION 
 
6.1 Conclusion 
Based on the data analysis using both manual 
calculation and software simulation, conclusions can be 
made as follows: 
1. The designed vapour absorption chiller system can 
substitute the existed vapour compression chiller system 
by reusing the wasted energy contained in exhaust gas 
from either main engine or auxiliary engine. It can work 
satisfactorily with 50% load until 100% load of main 
engine, and with 75% load until 100% load of auxiliary 
engine. The designed chiller system that works with 
main engine exhaust gas can work optimally during 
50% load of main engine. At 50% load of main engine, 
the chiller can work exactly in the designed temperature 
(TG=100°C). For the designed chiller system that works 
with auxiliary engine exhaust gas, at 75% load of 
auxiliary engine the chiller can work optimally and 
exactly in the designed temperature (TG=100°C).  
 
2. With the increasing of TG, there isdecreasing of 
circulation ratio because higher temperature of TG can 
affect to the lower water-LiBr concentration. This 
further can lead into the decreasing of the required 
pump work.The best COP of 0,74 lies in 50% load for 
the designed chiller with main engine exhaust gas and 
in 75% load for the designed chiller with auxiliary 
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engine exhaust gas. Actually higher COP can be 
achieved during operation at <50% load of main engine 
or <75% load of auxiliary engine. But operating in this 
point can increase the risk of crystallisation as the 
mixed solution of water-LiBr will have even higher 
temperature (TG). 
3. The back pressure effect of the modified exhaust gas 
system is accepted within the maximum limit of back 
pressure of 3 kPa. The back pressure due to modified 
exhaust gas system is 0,637 kPa for main engine 
exhaust gas system while is about 1,17 kPa for auxiliary 
engine exha\ust gas system. 
 
6.2 Suggestion 
 For further improvement of this research (thesis), some 
suggestions are delivered by the author that is related with 
this bachelor thesis: 
 
1. The designed chiller system can only work during 
normal operation from 50% to 100% load of main 
engine, and during stelath operation from 75% to 
100% load of auxiliary engines. Operation using 
lower load than stated data may be covered with 
vapour compression chiller system or other system 
like ice slurry system that  is in research done by [16]. 
2. The placement of the designed chiller system should 
consider the available space in the engine room of 
PKR ship. 
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3. Further analysis of exhaust gas back pressure due to 
the modification of exhaust gas system shall be 
analysed by using a software and detail calculation. 
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ATTACHMENT A 
GENERAL ARRANGEMENT DRAWING OF PKR 
SHIP 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ATTACHMENT B 
EXISTING CHILLER SYSTEM DRAWING OF PKR 
SHIP 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ATTACHMENT C 
BACK PRESSURE CALCULATION (MAIN ENGINE 
EXHAUST GAS) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Exhaust Gas pipe of M/E: 
D = 711 mm  
= 28.0 inch 
= 2.33 ft 
  
 
  
t = 6.3 mm 
= 0.248 inch 
= 0.02 ft 
     Counter Flow H/E 
 
 
Exhaust Gas (hot fluid) flowing in the shell 
 T1 = 356 °C   = 672.8 °F 
= 629.15 K 
  \T2 = 256.85 °C   = 494.3 °F 
= 530 K 
  mexh = 8.49 kg/s  = 67,351.209 lb/hr 
LiBr Solution (cold fluid) flowing in the tube 
 t1 = 77.9 °C   = 172.22 °F 
= 351.05 K 
  t2 = 100 °C   = 212 °F 
= 373.15 K 
  mweak = 3.249 kg/s  = 25,784.654 lb/h 
LMTD = 92.40 °F 
   OD of tube is selected as below: 
OD = 1.5 inch 
= 0.0381 m 
= 0.12499995 ft 
 
 
   Pt = 1.875 inch 
= 0.047625 m 
= 0.156249938 ft 
 
 
 
hrad =  εσ ( Thout 2 + Tcout 2 ) ( Thout + Tcout ) 
= 7.254 W/m2 . K 
  Rconv = 1 = 0.000216177 oC/W 
 
hi.Ai 
   
According to selected OD of tube, ID of shell is: 
ID = 29 inch 
  = 0.7366 m 
  = 2.417 ft 
  
    
 
 
Lt is taken approximately according to exhaust gas 
system drawing: 
Lt = 2.5 m 
  = 98.43 inch 
  = 8.202 ft 
 
    Ao = ∏ x Do x L 
= 0.30 m2 
Ai = ∏ x Di x L 
= 5.782 m2 
h1 = 800 W/m2.oC 
ho = 1200 W/m2.oC 
 
 
Rcond = ln ( Do/Di) = 0.012493 oC/W 
 
2∏KL 
Rconv = 1 = 0.00278628 oC/W 
 
ho.Ao 
   R rad = 1 = 0.460912 oC/W 
 
hrad.Ao 
   Rtotal = 0.476408 oC/W 
U = 1 = 0.168782169 W/m2 . oC 
 
Rtot. Atot = 0.0295 btu/h.ft2 . F 
 
A = Q = 367.77 ft2 
 
U X LMTD X FT = 34.167 m2 
 
nt = A = 114.2376464 
 
∏x Do x Lt  
   
According to selected OD of tube in Kern, 1965: 
nt = 131 passes= 1 
 
Hot Fluid : Shell side 
 as =  Ds X C'' X B 
 
144 x PT 
Assumptions: 
   1. 40 % cut segmental baffles 
  2. Baffles spacing, B= 0.5DS= 14.5 Inc 
Ds =  Diameter dalam shell  = 29 inc 
B = Baffle Spacing = 14.5 inc 
 
 
PT =  Tube Pitch = 1.875 inc 
C' = Clearance  = PT - do  
  = 0.375 inc 
as = 84.1 inch = 0.584 ft2 
GS= 
𝑚𝑓
𝑎𝑠
=115322 lb/h.ft2 
Re=
𝐷𝑒𝑥𝐺𝑠
μ
= 2461.6412 
 
De = 0.1238 ft 
 
∆Ps = 0.0847 psi = 0.58 kPa 
 
Back pressure 
𝑃 =
𝐿𝑥𝑠𝑥𝑄2𝑥3.6𝑥106
𝐷5
+ 𝑃𝑠 
Where: L= 8 m 
   S =Fluid density = 0.776 kg/m3 
   Q = Fluid flow rate= 656.14 m3/min 
   D = Inside diameter of pipe = 711 mm 
 
P = 0.658 kPa 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ATTACHMENTD 
BACK PRESSURE CALCULATION (AUXILIARY 
ENGINE EXHAUST GAS) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Exhaust Gas pipe of A/E: 
D = 323.9 mm  
= 12.8 inch 
= 1.06 ft 
  
 
  
t = 6.3 mm 
= 0.248 inch 
= 0.02 ft 
     Counter Flow H/E 
Exhaust Gas (hot fluid) flowing in the shell 
 T1 = 280 °C   = 536 °F 
= 553.15 K 
  T2 = 170 °C   = 338 °F 
= 443.15 K 
  mexh = 3.09 kg/s  = 24,516.281 lb/hr 
LiBr Solution (cold fluid) flowing in the tube 
 t1 = 77.9 °C   = 172.22 °F 
= 351.05 K 
  t2 = 100 °C   = 212 °F 
= 373.15 K 
  mweak = 1.624 kg/s  = 12,892.327 lb/h 
LMTD = 98.59 °F 
   OD of tube is selected as below: 
OD = 1.5 inch 
= 0.0381 m 
= 0.12499995 ft 
   Pt = 1.875 inch 
 
 
= 0.047625 m 
= 0.156249938 ft 
 
 
 
hrad =  εσ ( Thout 2 + Tcout 2 ) ( Thout + Tcout ) 
= 2.645 W/m2 . K 
  Rconv = 1 = 0.000236571 oC/W 
 
hi.Ai 
   Rcond = ln ( Do/Di) = 0.004595 oC/W 
 
2∏KL 
According to selected OD of tube, ID of shell is: 
ID = 13.25 inch 
  = 0.33655 m 
  = 1.104 ft 
  
    
 
 
Lt is taken approximately according to exhaust gas 
system drawing: 
Lt = 5 m 
  = 196.85 inch 
  = 16.404 ft 
 
    Ao = ∏ x Do x L 
= 0.60 m2 
Ai = ∏ x Di x L 
= 5.284 m2 
h1 = 800 W/m2.oC 
ho = 1200 W/m2.oC 
 
 
Rconv = 1 = 0.001393138 oC/W 
 
ho.Ao 
   R rad = 1 = 0.632112939 oC/W 
 
hrad.Ao 
   Rtotal = 0.638337 oC/W 
U = 1 = 0.176501655 W/m2 . oC 
 
Rtot. Atot = 0.0295 btu/h.ft2 . F 
 
A = Q = 172.3554 ft2 
 
U X LMTD X FT = 16.01233 m2 
 
nt = A = 26.76886509 
 
∏x Do x Lt  
   
According to selected OD of tube in Kern, 1965: 
nt = 22 passes= 1 
 
Hot Fluid : Shell side 
 as =  Ds X C'' X B 
 
144 x PT 
Assumptions: 
   1. 40 % cut segmental baffles 
  2. Baffles spacing, B= 0.5DS= 6.625 Inc 
Ds =  Diameter dalam shell  = 13.25 inc 
B = Baffle Spacing = 6.625 inc 
PT =  Tube Pitch = 1.875 inc 
C' = Clearance  = PT - do  
 
 
  = 0.375 inc 
as = 17.5 inch = 0.1219 ft2 
GS= 
𝑚𝑓
𝑎𝑠
=201087.745 lb/h.ft2 
Re= 
𝐷𝑒𝑥𝐺𝑠
μ
= 38281.775 
 
De = 0.1238 ft 
 
∆Ps = 0.1177 psi = 0.8 kPa 
 
Back pressure 
𝑃 =
𝐿𝑥𝑠𝑥𝑄2𝑥3.6𝑥106
𝐷5
+ 𝑃𝑠 
Where: L= 8 m 
   S =Fluid density = 0.776 kg/m3 
   Q = Fluid flow rate= 238.84 m3/min 
   D = Inside diameter of pipe = 323.9 mm 
 
P = 1.25 kPa 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ATTACHMENT E 
FORMULATION IN EES SOFTWARE (MAIN 
ENGINE EXHAUST GAS) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SI=2 
 
{Input Parameters} 
Tabs=35 
Tabs=T[1] 
T[1]=T[2] 
Tg=100 
Tg=T[4] 
T[4]=T[7] 
Tcon=50 
Tcon=T[8] 
Tevap=5 
Tevap=T[10] 
Qevap=630 
Eff_Hx=0,8 
 
{Pressure Design} 
Phigh=pressure(WATER;T=T[8];x=0) 
Plow=pressure(WATER;T=T[10];x=1) 
 
{Solution Heat Exchanger} 
Eff_Hx=(T[4]-T[5])/(T[4]-T[2]) 
Qhx=m[1]*(h[3]-h[2]) 
Qhx=m[4]*(h[4]-h[5]) 
 
{Solution Expansion Valve} 
h[5]=h[6] 
 
{Evaporator} 
h[10]=enthalpy(WATER;T=T[10];x=1) 
h[8]=enthalpy(WATER;T=T[8];x=0) 
m[10]=Qevap/(h[10]-h[9]) 
 
{Refrigerant Expansion Valve} 
h[9]=h[8] 
T[9]=temperature(WATER;h=h[9];P=P[9]) 
 
 
 
 
{Condenser} 
h[7]=enthalpy(WATER;T=T[7];P=P[7]) 
Qcon=m[10]*(h[7]-h[8]) 
 
{Absorber} 
Qabs=m[6]*h[6]+m[10]*h[10]-m[1]*h[1] 
 
{Pump Calculation} 
Wpump=m[1]*v1*(Phigh-Plow)/1000 
v1=V_LIBR(T[1];x[1];SI) {m^3/kg} 
 
{Generator/Desorber} 
Qgen=m[7]*h[7]+m[4]*h[4]-m[3]*h[3] 
 
{Exhaust Gas} 
Q_exh=m_exh*cp_exh*DT 
m_exh=8,49 {kg/s} 
cp_exh=1,009 {kJ/(kg*K)} 
DT=57,6 {C} 
 
{COP} 
COP=Qevap/(Qgen+Wpump) 
 
{Mass Balance} 
x[1]=X_LIBR(T[1];P[1];SI) 
x[4]=X_LIBR(T[4];P[4];SI) 
x[1]=x[2] 
x[2]=x[3] 
x[4]=x[5] 
x[5]=x[6] 
x[7]=0 
x[7]=x[8] 
x[8]=x[9] 
x[9]=x[10] 
 
F=x[1]/(x[4]-x[1]) 
m[1]=m[10]*(1+F) 
m[4]=m[10]*F 
 
 
m[1]=m[2] 
m[2]=m[3] 
m[4]=m[5] 
m[5]=m[6] 
m[7]=m[8] 
m[8]=m[9] 
m[9]=m[10] 
 
{System Pressure} 
P[1]=Plow 
P[2]=Phigh 
P[3]=Phigh 
P[4]=Phigh 
P[5]=Phigh 
P[6]=Plow 
P[7]=Phigh 
P[8]=Phigh 
P[9]=Plow 
P[10]=Plow 
 
z=VISC_LIBR(T[1];x[1];SI) 
 
{Solution Enthalpy} 
h[1]=H_LIBR(T[1];x[1];SI) 
h[2]=H_LIBR(T[2];x[2];SI) 
h[3]=H_LIBR(T[3];x[3];SI) 
h[4]=H_LIBR(T[4];x[4];SI) 
h[5]=H_LIBR(T[5];x[5];SI) 
h[6]=H_LIBR(T[6];x[6];SI) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ATTACHMENT F 
FORMULATION IN EES SOFTWARE (AUXILIARY 
ENGINEEXHAUST GAS) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SI=2 
 
{Input Parameters} 
Tabs=35 
Tabs=T[1] 
T[1]=T[2] 
Tg=100 
Tg=T[4] 
T[4]=T[7] 
Tcon=50 
Tcon=T[8] 
Tevap=5 
Tevap=T[10] 
Qevap=315 
Eff_Hx=0,8 
 
{Pressure Design} 
Phigh=pressure(WATER;T=T[8];x=0) 
Plow=pressure(WATER;T=T[10];x=1) 
 
{Solution Heat Exchanger} 
Eff_Hx=(T[4]-T[5])/(T[4]-T[2]) 
Qhx=m[1]*(h[3]-h[2]) 
Qhx=m[4]*(h[4]-h[5]) 
 
{Solution Expansion Valve} 
h[5]=h[6] 
 
{Evaporator} 
h[10]=enthalpy(WATER;T=T[10];x=1) 
h[8]=enthalpy(WATER;T=T[8];x=0) 
m[10]=Qevap/(h[10]-h[9]) 
 
{Refrigerant Expansion Valve} 
h[9]=h[8] 
T[9]=temperature(WATER;h=h[9];P=P[9]) 
 
 
 
 
{Condenser} 
h[7]=enthalpy(WATER;T=T[7];P=P[7]) 
Qcon=m[10]*(h[7]-h[8]) 
 
{Absorber} 
Qabs=m[6]*h[6]+m[10]*h[10]-m[1]*h[1] 
 
{Pump Calculation} 
Wpump=m[1]*v1*(Phigh-Plow)/1000 
v1=V_LIBR(T[1];x[1];SI) {m^3/kg} 
 
{Generator/Desorber} 
Qgen=m[7]*h[7]+m[4]*h[4]-m[3]*h[3] 
 
{Exhaust Gas} 
Q_exh=m_exh*cp_exh*DT 
m_exh=8,49 {kg/s} 
cp_exh=1,009 {kJ/(kg*K)} 
DT=57,6 {C} 
 
{COP} 
COP=Qevap/(Qgen+Wpump) 
 
{Mass Balance} 
x[1]=X_LIBR(T[1];P[1];SI) 
x[4]=X_LIBR(T[4];P[4];SI) 
x[1]=x[2] 
x[2]=x[3] 
x[4]=x[5] 
x[5]=x[6] 
x[7]=0 
x[7]=x[8] 
x[8]=x[9] 
x[9]=x[10] 
 
F=x[1]/(x[4]-x[1]) 
m[1]=m[10]*(1+F) 
m[4]=m[10]*F 
 
 
m[1]=m[2] 
m[2]=m[3] 
m[4]=m[5] 
m[5]=m[6] 
m[7]=m[8] 
m[8]=m[9] 
m[9]=m[10] 
 
{System Pressure} 
P[1]=Plow 
P[2]=Phigh 
P[3]=Phigh 
P[4]=Phigh 
P[5]=Phigh 
P[6]=Plow 
P[7]=Phigh 
P[8]=Phigh 
P[9]=Plow 
P[10]=Plow 
 
z=VISC_LIBR(T[1];x[1];SI) 
 
{Solution Enthalpy} 
h[1]=H_LIBR(T[1];x[1];SI) 
h[2]=H_LIBR(T[2];x[2];SI) 
h[3]=H_LIBR(T[3];x[3];SI) 
h[4]=H_LIBR(T[4];x[4];SI) 
h[5]=H_LIBR(T[5];x[5];SI) 
h[6]=H_LIBR(T[6];x[6];SI) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ATTACHMENTG 
CHARTSOF EES RESULT (MAIN ENGINE 
EXHAUST GAS) 
 
 
 
 
 
 
 
 
 
 
 
30 35 40 45
0,55
0,6
0,65
0,7
0,75
0,8
Tabs  [C]
C
O
P 
 
30 35 40 45
750
800
850
900
950
1000
1050
1100
Tabs [C]
Q
ab
s 
 [k
W
]
 
 
 
 
 
 
 
30 35 40 45 50 55 60 65
677
677,5
678
678,5
679
679,5
Tcon  [C]
Q
co
n 
 [k
W
]
30 35 40 45 50 55 60 65
0,4
0,5
0,6
0,7
0,8
Tcon  [C]
C
O
P 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ATTACHMENTH 
CHARTS OF EES RESULT (AUXILIARY ENGINE 
EXHAUST GAS) 
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ATTACHMENT I 
THERMODYNAMIC PROPERTIES OF WATER AT 
SATURATION 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ATTACHMENT J 
LITHIUM BROMIDE MATERIAL DATA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ATTACHMENT K 
EXISTING EXHAUST GAS SYSTEM 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ATTACHMENT L 
TEST BED DATA OF MAIN ENGINE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ATTACHMENT M 
TEST BED DATA OF AUXILIARY ENGINE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
